FGF Signaling Restricts the Primary Blood Islands to Ventral Mesoderm  by Kumano, Gaku & Smith, William C.
t
T
s
t
a
a
t
w
l
z
m
t
g
a
d
m
Developmental Biology 228, 304–314 (2000)
doi:10.1006/dbio.2000.9937, available online at http://www.idealibrary.com onFGF Signaling Restricts the Primary Blood Islands
to Ventral Mesoderm
Gaku Kumano and William C. Smith1
Department of Molecular, Cellular and Developmental Biology and Neuroscience Research
Institute, University of California at Santa Barbara, Santa Barbara, California 93106
According to the three-signal model of mesoderm patterning in Xenopus, all mesoderm, with the exception of the Spemann
organizer, is originally specified as ventral type, such as lateral plate and primary blood islands. It is proposed that the blood
islands become restricted to the ventralmost mesoderm because they are not exposed to the BMP-inhibiting activity of the
Spemann organizer. We present evidence here that, contrary to predictions of this model, the blood islands remain ventrally
restricted even in the absence of Spemann organizer signaling. We further observed that inhibition of FGF signaling with a
dominant negative receptor resulted in the expansion of the blood island-forming territory with a concomitant loss of
somite. The requirement for FGF signaling in specifying somite versus blood island territories was observed as early as
midgastrulation. The nonoverlapping expression domains of Xnr-2 and Xbra in the gastrula marginal zone appear to mark
presumptive blood island and somite, respectively. Inhibition of FGF signaling with dominant negative receptor leads to an
expansion of Xnr-2 expression and to a corresponding reduction in Xbra expression. On the other hand, we found no
evidence that manipulation of BMP signaling, either positively or negatively, altered the expression domains of Xnr-2 and
Xbra. These results suggest that FGF signaling, rather than BMP-inhibiting activity, is essential for restriction of the ventral
blood islands to ventral mesoderm. © 2000 Academic Press
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oINTRODUCTION
In Xenopus, mesoderm originates from a band of cells in
he blastula embryo that make up the marginal zone (Fig. 1).
hrough the processes of gastrulation and tail-bud exten-
ion, the various mesoderm derivatives, including the no-
ochord, somites, pronephros, heart, and blood islands,
rrive at their proper positions along the dorsal/ventral,
nterior/posterior, and left/right axes of the developing
adpole. The specification of multiple cell and tissue types
ithin the mesoderm requires a complex interplay between
ocalized maternal determinants and secreted maternal and
ygotic inductive factors (Harland and Gerhart, 1997; Heas-
an, 1997; Kessler and Melton, 1994). Much of the induc-
ion and patterning of mesoderm occurs during the morpho-
enetic processes of gastrulation and tail-bud extension,
nd induction and morphogenesis are largely interdepen-
ent. The bone morphogenetic protein (BMP) gradient-
odel of mesoderm patterning attempts to explain the
1 To whom correspondence should be addressed. Fax: (805) 893-
a4724. E-mail: w_smith@lifesci.ucsb.edu.
304orsal-to-ventral specification of mesoderm derivatives in
enopus (see recent review: Dale and Jones, 1999). Accord-
ng to this model, mesoderm is initially induced in a binary
tate in the marginal zone of the embryo. One sector is
pecified as the Spemann organizer, which itself becomes
he most dorsal mesoderm tissue of the tadpole, notochord,
hile the remaining circumference around the marginal
one is initially specified as ventral. In this model, a
radient of BMP activity is generated in the marginal zone
hrough the action of the Spemann organizer. The Spemann
rganizer is the source of a number of secreted factors,
ncluding noggin, chordin, follistatin, and Xnr-3, that an-
agonize the activity of a uniformly expressed field of BMPs
n the marginal zone (Dale and Jones, 1999; Harland and
erhart, 1997; Heasman, 1997). This model proposes that
s a result of the antagonistic actions between BMPs and
nhibitory factors, mesoderm closest to the Spemann orga-
izer is exposed to the lowest levels of BMPs and is thereby
pecified as dorsal; conversely, mesoderm farthest away
rom the Spemann organizer is exposed to the highest levels
f BMPs and is specified as ventral. This model would
ppear to give a molecular explanation for the observed
0012-1606/00 $35.00
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305FGF Signaling and D/V Mesoderm Patterningactivities of the Spemann organizer and is consistent with
predictions of the widely accepted three-signal model of
mesoderm patterning (Dale and Jones, 1999; Harland and
Gerhart, 1997; Heasman, 1997).
A number of recent reports have drawn into question the
BMP gradient model of dorsoventral mesoderm patterning
in Xenopus. First, it was shown independently by several
research groups that the ventral blood islands (VBIs) arise
from all meridians of the blastula/gastrula marginal zone,
not just those most distant from the Spemann organizer
(Lane and Smith, 1999; Mills et al., 1999; Tracey et al.,
1998). Furthermore, it was observed that the region referred
to as the “ventral marginal zone” gives rise to both poste-
rior ventral (VBI) and posterior dorsal (somite) tissues of the
tadpole (Lane and Smith, 1999). Finally, it was found that
VBI-forming tissue (ventral mesoderm) arose from vegetal
regions of the marginal zone, while somites (dorsal meso-
derm) arose from more animal regions of the marginal zone.
A new fate map that takes into account these observations
has been proposed and is shown in Fig. 1 (Lane and Smith,
1999), in which their results for somites and primitive
blood are combined with data for notochord from Moody’s
(1987) fate map. The revisions to the fate map have led to
confusion concerning the terms “dorsal” and “ventral.” In
this article, the term “dorsal” will be used to refer to tissues
that reside near the dorsal midline of the Xenopus tadpole,
such as somite or notochord, as has been commonly agreed,
or to tissue in the blastula/gastrula embryo that is fated to
the dorsal side of the tadpole. “Ventral” tissue is likewise
defined as tissue that resides in the ventral region of the
tadpole, such as the VBIs, or mesoderm at the blastula/
gastrula stage that is fated to the ventral region of the
tadpole. The term “ventral marginal zone” commonly used
to refer to the region of the blastula/gastrula marginal zone
that is found 180° opposite the Spemann organizer will not
be used because this tissue contains both ventrally and
dorsally fated mesoderm (Lane and Smith, 1999). Instead
this region will be referred to as the “descendants of the B4
and C4 blastomeres” since the naming of these 32-cell stage
blastomeres is unambiguous.
As stated above, the origin of the VBIs from mesoderm
adjacent to the Spemann organizer, as well as somites from
mesoderm located at the opposite side of the marginal zone
from the Spemann organizer (Lane and Smith, 1999), is not
easily accommodated in the simplified BMP gradient
model. One possibility that we have explored is that the
activity of the Spemann organizer may not be sufficient to
account for all aspects of dorsoventral mesoderm pattern-
ing. The BMP gradient model has proposed that the VBIs
become restricted to the ventral mesoderm because they are
out of range of signaling from the Spemann organizer (Dale
and Jones, 1999). However, our previous results have shown
that explants of blastula-stage marginal zones cultured
until tadpole stages (stage 32; Nieuwkoop and Faber, 1994)
do not show expanded globin expression, despite the ab-
sence of Spemann organizer signaling (Kumano et al., 1999).
The same result was obtained when globin expression was [
Copyright © 2000 by Academic Press. All rightexamined by Northern analysis in embryos in which Spe-
mann organizer formation was blocked with dominant
negative XTcf-3 (data not shown). If the BMP gradient
model is not sufficient to explain the ventral location of the
VBIs, what other factors might be involved?
In this report we observed that inhibition of FGF signaling
with a dominant negative receptor (XFD) (Amaya et al., 1991)
results in an expansion of the VBI territory into mesoderm
territories normally fated to somite. We show that alterations
in BMP or Spemann organizer signaling are unable to either
increase or decrease the amount of mesoderm fated to primary
blood islands. By examination of the patterns of genes ex-
pressed in the marginal zone, we found evidence of dorsoven-
tral patterning along the animal/vegetal axis as early as
midgastrulation. This midgastrula pattern is disrupted by
XFD, but not by inhibitors of Spemann organizer signaling.
MATERIALS AND METHODS
RNA Synthesis and Microinjection
Plasmids for in vitro RNA synthesis were linearized with EcoRI
for XFD (Amaya et al., 1991) and dominant negative BMP4 receptor
dnBMP-R) (Suzuki et al., 1994), with BamHI for XeFGF (Isaacs et
l., 1994), with XbaI for dominant negative forms of XTcf-3
dnXTcf-3) (Molenaar et al., 1996), and with XhoI for BMP-4 (Jones
t al., 1992). Capped RNAs were transcribed with appropriate RNA
olymerases using mMessage mMachine (Ambion). Fertilized eggs
ere cultured in 1/103 MMR until either the 2-cell stage for 4-cell
stage injection or the 8-cell stage for 32-cell stage injection before
being dejellied in 2% cysteine-HCl (pH 8.0). Dejellied embryos
were transferred to 1/33 MMR/2.5% Ficoll and injected by air
ressure. For dnXTcf-3, 10 nl containing 500 pg of the RNA was
njected in the equatorial region of 4-cell stage embryos into the
wo blastomeres containing the presumptive Spemann organizer.
or BMP-4, either the equatorial region or the animal region of all
our blastomeres of 4-cell stage embryos was injected with 500 pg
f the RNA. Certain dnXTcf-3- or BMP-4-injected embryos were
ater injected in the C4 blastomeres with 500 pg of lacZ RNA at the
2-cell stage. For 32-cell stage injections, either the B4 or both the
4 and the C4 blastomeres (four blastomeres total) were injected
ith 1 nl containing 50 pg of green fluorescent protein (GFP) plus
00 pg of XFD RNAs, 50 pg of GFP RNA alone as a control, 200 pg
f lacZ plus 100 pg of XFD RNAs, or 200 pg of lacZ RNA alone as
control. In other 32-cell stage injections, both B4 and C4 blas-
omeres (four blastomeres total) were injected with 50 pg of GFP
NA plus 25 pg of CSKA-noggin (Smith et al., 1993) with or
ithout 100 pg of XFD RNA or were injected with 250 pg of
nBMP-R RNA. Also both CD4 blastomeres, the mother cells of
he C4 and D4 blastomeres, were injected with 50 pg of GFP plus
00 pg of XeFGF RNAs. The injected embryos were cultured in
/33 MMR plus 10 mg/ml gentamycin until appropriate stages.
Marginal Zone Explants
Isolation of the marginal zone explants from stage 9 embryos
was done as described (Kumano et al., 1999). Dissected marginal
zone explants were cultured to stage 21 for detection of muscle
ctin or stage 32 for detection of aT3 globin in situ in 3/4 NAM82.5 mM NaCl, 1.5 mM KCl, 0.75 mM Ca(NO3)2, 0.75 mM
s of reproduction in any form reserved.
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Copyright © 2000 by Academic Press. All rightMgSO4, 75 mM EDTA, 1.5 mM sodium phosphate (pH 7.5)] with 25
mg/ml gentamycin and 1 mg/ml BSA.
Histology
LacZ staining was done as described previously (Kumano et al.,
1999). Detection of aT3 globin, muscle actin, Xbra, myoD, eome-
odermin, Xvent-1, and Xnr-3 expression by in situ hybridization
as performed as described previously (Harland, 1991). Double in
itu hybridization was performed as follows. Embryos were hybrid-
zed overnight at 60°C in hybridization buffer containing both a
uorescein-labeled Xbra probe and a DIG-labeled Xnr-2 or Mix.1
robe. After excess probes were washed, the first signal (Xbra) was
etected using naphthol phosphate/fast red (Boehringer Mann-
eim) as a substrate for anti-fluorescein–alkaline phosphatase Fab
ragments (Boehringer Mannheim). Phosphatase activity was inac-
ivated by incubating in 100 mM glycine (pH 2.2), 0.1% Tween 20
wice for 15 min. Following refixation in 4% paraformaldehyde in
BT for 20 min, the embryos were incubated in anti-DIG-alkaline
hosphatase Fab fragments (Boehringer Mannheim) in blocking
olution overnight at 4°C. The second signal (Xnr-2 or Mix.1) was
etected using NBT/BCIP as a substrate.
RESULTS
Dorsal/Ventral Mesoderm Patterning by FGF
Signaling
In our first experiments, we found that FGF signaling
appears to be essential for the restriction of the VBIs to
prospective ventral mesoderm. Both the B4 and the C4
blastomeres of 32-cell embryos (Fig. 1) were injected with
100 pg of XFD RNA together with 50 pg of GFP RNA. At
ate blastula stage (stage 9) marginal zone explants contain-
32 for detection of globin expression by in situ hybridization. Note
hat globin expression is localized to the vegetal poles of the
explants as shown previously (Kumano et al., 1999). (B) Marginal
zone explants as in (A) with the exception that both the B4 and the
C4 blastomeres were injected with 100 pg of XFD RNA. Globin
xpression is expanded toward the animal pole of the explants. The
enter regions of the explants without globin expression are
robably endodermal derivatives. (C) Marginal zone explants as in
A) with the exception that the B4 blastomeres were injected with
00 pg of XFD RNA. globin expression was detected at the animal,
as well as at the vegetal, pole. (D) Marginal zone explants which
had been injected with 500 pg of XeFGF RNA into both the CD4
blastomeres, the mother cells of the C4 and the D4. No globin
expression was detected by in situ hybridization at stage 32. All
explants (A–D) are oriented with animal poles (pigmented) to the
top. (E) Posterior region of a stage 38 Xenopus embryo injected at
32-cell stage with 200 pg of lacZ RNA in the B4 and C4 blas-
tomeres. LacZ staining was observed in the somites (segments,
arrowheads), the ventral region, and the epidermis. (F) Posterior
region of an embryo treated the same as (E) with the exception that
100 pg of XFD RNA was co-injected with the lacZ RNA. This
embryo showed abnormal tail formation and no LacZ staining inFIG. 1. Xenopus fate map and 32-cell stage designations. The
revised Xenopus fate map for the blastula marginal zone (Lane and
Smith, 1999). In this fate map, the VBIs are shown to arise not only
from the “ventral marginal zone,” but also from mesoderm situ-
ated near the Spemann organizer. Furthermore, blastomeres in the
“ventral marginal zone” are shown to contribute to both dorsal
(somite) and ventral (VBI) posterior mesoderm. Somites (pink) map
to the animal region of all sectors of the marginal zone (blastomeres
C1–C4, B1–B4, and A1–A4). Codistribution of somites (pink) with
notochord (blastomeres C1, C2, B1, B2, B3, A1, A2, and A3) is
shown in green. Blood arises from the leading edge mesoderm
(orange), situated in the vegetal region of the marginal zone
(blastomeres C1–C4 and D1–D4). The approximate cleavage plains
for the 32-cell stage embryo are shown, and labeling of blastomeres
is indicated according to Nakamura and Kishiyama (1971). Only
notochord, somites, and the VBIs are shown for mesoderm. Lateral
plate and other mesodermal territories are omitted for simplicity,
and each territory labeled may also include other fates.
FIG. 2. FGF signaling is essential for dorsoventral mesoderm
patterning. (A) Control marginal zone explants containing B4 andsomites.
s of reproduction in any form reserved.
307FGF Signaling and D/V Mesoderm PatterningFIG. 3. Noggin does not induce muscle actin in XFD RNA-inject
derivatives from embryos injected with 50 pg of GFP RNA in both
for muscle actin expression by in situ hybridization. No expression
with the exception that 25 pg of pCSKA-noggin plasmid was co-inje
zone explants as in (B) with the exception that XFD RNA was co-i
muscle actin expression was observed when explants were stained
FIG. 4. FGF signaling establishes unique expression domains alo
stage 10.5 showing Xbra expression by in situ hybridization. Th
(arrowhead). (B) Embryo injected in B4 and C4 with XFD and lacZ
expression in the region of LacZ staining was observed. (C) Control e
Expression is observed widely around the marginal zone, excludinged explants. (A) Control marginal zone explants containing B4 and C4
the B4 and the C4 blastomeres at the 32-cell stage. Shown is staining
is observed under these conditions. (B) Marginal zone explants as in (A)
cted with the GFP RNA. All explants express muscle actin. (C) Marginal
njected with the GFP RNA and the pCSKA-noggin plasmid. Almost no
as in (A) and (B).
ng animal/vegetal axis of midgastrula embryos. (A) Control embryo at
e expression is not seen in the region just above the blastopore lip
RNAs. In situ hybridization for Xbra at stage 10.5 is shown. No Xbra
mbryo at stage 11 stained for myoD expression by in situ hybridization.
the Spemann organizer. (D) Embryo injected at 32-cell stage in both B4
and C4 with 100 pg of XFD and 200 pg of lacZ RNAs. Shown is staining at stage 11 for myoD expression by in situ hybridization and for
LacZ by X-gal staining. Note the gap in myoD expression localizing with the LacZ staining. (E) Double in situ hybridization at stage 10.5
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
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308 Kumano and Smithing B4 and C4 derivatives were dissected using GFP fluo-
rescence as a guide. The explants were cultured until stage
32 under the pressure of glass coverslips to minimize
folding and then subjected to in situ hybridization for
detection of globin expression. The XFD-injected explants
had expanded globin expression (Fig. 2B), compared to
control explants (Fig. 2A). As was shown previously (Ku-
mano et al., 1999), the globin expression in the control
explants was restricted to the vegetal regions of the mar-
ginal zone (Fig. 2A). In this experiment, globin expression in
he XFD-injected explants expanded toward the animal
ole, into presumptive dorsal mesoderm (Fig. 2B). When
nly the B4 blastomeres were injected with XFD, globin
xpression was apparent in distinct animal and vegetal
omains (Fig. 2C). In contrast, overexpression of XeFGF at
ocations including the vegetal marginal zone eliminated
lobin expression in the explants (Fig. 2D). Intact stage 38
mbryos injected with XFD and lacZ RNAs in the B4 and
4 blastomeres showed abnormal tail formation and no
acZ staining in somites (Fig. 2F), unlike controls (Fig. 2E,
rrowheads). Thus in the XFD-injected explants, regions of
he B4 and C4 descendants which comprise the animal
ortions of the marginal zone are diverted from their
ormal fate of posterior somites to VBIs, which normally
rise from vegetal regions of the marginal zone. Accord-
ngly, we propose that endogenous FGF signaling may be
ssential for restricting VBIs to ventral (vegetal) mesoderm.
It has been previously shown that marginal zones ex-
lanted from the B4/C4 region (Fig. 1) prior to midgastrula-
ion do not differentiate as somites (Smith and Slack, 1983),
espite the fact that posterior somites are fated from this
egion (Lane and Smith, 1999). Exposure of these explants to
he Spemann organizer, or Spemann organizer-derived fac-
ors such as noggin or chordin, promotes the expression of
omite markers such as muscle actin (Lettice and Slack,
993; Sasai et al., 1994; Smith et al., 1993). We observed
that injection of XFD RNA was able to block muscle
induction by a noggin expression plasmid (pCSKA-noggin)
in explants containing the B4/C4 descendents (Fig. 3C). The
noggin expression plasmid alone gave strong induction of
muscle actin (Fig. 3B), compared to control explants (Fig.
3A). Thus, FGF signaling appears to be essential for mar-
n (J) and (K) are vegetal views, oriented the same as (A–F).
Copyright © 2000 by Academic Press. All rightginal zone cells to be competent to respond to the “dorsal-
izing” activity of noggin. A requirement of FGF signaling in
neural induction by noggin has been also reported (Launay
et al., 1996). The fact that anterior ventral blood islands
originate from mesoderm close to the Spemann organizer
(Lane and Smith, 1999; Mills, 1999; Tracey et al., 1998), and
that overexpression of noggin or chordin in the marginal
zone did not decrease the amount of blood island (Kumano
et al., 1999), raises the possibility that the presumptive
blood islands may be refractory to the skeletal muscle-
inducing (dorsalizing) activity of the Spemann organizer.
Previous reports have indicated that FGF receptors and
activity are concentrated in the animal hemisphere of the
embryo (see Discussion). Thus, one possible mechanism by
which the presumptive blood islands may be unresponsive
to the Spemann organizer-derived dorsalizing signal in the
gastrula embryo is that they are out of the range of FGF
signaling. The results presented in Fig. 3 are consistent with
this model.
Gastrula Stage Expression Domains of Xbra and
Xnr-2 Mark the Future Dorsoventral Axis
Our results point to an essential role for FGF signaling in
delineating territories that have the competence to give rise
to the VBIs and somites. We next wanted to determine how
early we could observe FGF-dependent patterning in the
mesoderm. The vegetal region of the marginal zone that
gives rise to the ventral blood islands has been termed the
“leading edge mesoderm,” since it is the first to involute
around the blastopore ring (Keller, 1991). A number of genes
are known to be expressed in the blastula/gastrula marginal
zone. It has been published that the expression domains of
myoD and Xbra are excluded from the vegetal region of the
marginal zone (Harvey, 1992; Ryan et al., 1996), a domain
that probably corresponds to the leading edge mesoderm.
The Keller fate map had shown that this mesodermal
territory gives rise to lateral plate mesoderm (Keller, 1976).
For both genes, a distinct gap in expression can be observed
extending up from the blastopore lip at gastrula stages
(Harvey, 1992; Ryan et al., 1996). XFD, which leads to an
expansion of VBIs into the animal/dorsal regions of thefor Xbra (red, arrow) and Xnr-2 (black/purple, arrowhead pointing down). Duplicates are shown. The expression domains of those genes were
exclusive along the animal–vegetal axis. The bottom picture is an enlargement of the marginal zone in the top embryo. (F) Double in situ
ybridization at stage 10.5 for Xbra (red, arrow) and Xnr-2 (black/purple, arrowhead pointing down) in embryos that had been injected with
XFD RNA in the marginal zone (B4 and C4 blastomeres). Duplicates are shown. The marginal zones (bottom in each embryo) on the injected
sides no longer express Xbra and show expansion of Xnr-2 toward the animal pole (arrowhead). The bottom picture is again an enlargement
of the marginal zone in the top embryo. The blastopore lips of the embryos in (E) and (F) are indicated by arrowheads pointing up. Embryos
in (A–F) are vegetal views, orientated with the Spemann organizer at the top. (G) Lateral view of representative embryo as shown in (F). (H)
Lateral view of control embryo at stage 10 stained for eomesodermin expression by in situ hybridization. (I) Lateral view of embryo which
had been injected with XFD and lacZ RNA in the B4 and C4 blastomeres. eomesodermin expression by in situ hybridization and LacZ
staining are shown. XFD did not effect eomesodermin expression. (J) Double in situ hybridization at stage 10.5 for Xbra (red, arrow) and
Mix.1 (black/purple, arrowhead). (K) The same as in (J) with the exception that the embryo had been injected with XFD RNA in the B4 and
4 blastomeres. Note that only Mix.1 expression persists on the injected side (arrowhead), whereas Xbra expression is eliminated. Embryoss of reproduction in any form reserved.
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309FGF Signaling and D/V Mesoderm Patterningmarginal zone at stage 32 (Fig. 2), eliminates Xbra expres-
sion at stage 10.5 (Figs. 4A and 4B). This effect of XFD on
gastrula stage expression of Xbra has been reported previ-
ously, although the results were interpreted as though XFD
inhibited formation of all (i.e., both dorsal and ventral)
mesoderm (Amaya et al., 1993), in contrast to those results
reported here. Our results are consistent with the interpre-
tation that Xbra expression around the gastrula marginal
zone marks somites and notochord and that treatments
which trans-fate somites into VBIs suppress Xbra expres-
sion. Thus, while Xbra has been considered panmesodermal
(Smith et al., 1991), its expression domain at stage 10.5
appears to be excluded from the domain of presumptive
VBIs. We also observed that XFD RNA injection into
blastomeres B4 and C4 eliminated myoD expression in the
descendants of the injected cells at stage 11 (Figs. 4C and
4D). The fact that myoD is restricted from the leading edge
mesoderm, and that XFD eliminates myoD expression
hile suppressing somite fate, suggests that myoD expres-
ion may mark cells that are competent to form somites as
arly as the beginning of gastrulation.
While Xbra and myoD are excluded from the leading edge
mesoderm of the midgastrula marginal zone, the nodal-
related gene Xnr-2 shows the inverse pattern of expression.
nr-2 is expressed in a dynamic pattern during gastrulation
nd at midgastrulation is expressed in scattered cells both
n the narrow region of the marginal zone and, to a much
esser extent, in the presumptive endoderm (Jones et al.,
995). Significantly, Xnr-2 is found to be excluded from the
nimal, Xbra-expressing, region of the marginal zone and to
ccupy the gap between the vegetal limit of Xbra expres-
ion and the blastopore lip (Fig. 4E). We observed that XFD
NA injection, which eliminates Xbra expression, leads to
xpansion of Xnr-2 expression into the animal region of the
arginal zone (Figs. 4F and 4G). Because XFD also leads to
n expansion of the definitive ventral mesoderm marker
lobin at tadpole stages, Xnr-2 expression appears to mark a
istinct domain of the vegetal marginal zone that gives rise
o ventral mesoderm. It is not clear if Xnr-2 plays a role in
he development of ventral mesoderm derivatives such as
BIs, although it may, since Xnr-2 is able to induce globin
xpression in animal cap ectoderm at low concentration
Jones et al., 1995).
The expression of the T-domain factor eomesodermin
recedes that of other mesodermal genes, and the gene is
ikely to act upstream of Xbra (Ryan et al., 1996). Signifi-
antly, the expression of the gene extends to the blastopore
ip, unlike Xbra, and marks all mesoderm cells in the
arginal zone (Ryan et al., 1996). While XFD expression
liminated Xbra expression at midgastrulation, the expres-
ion of eomesodermin was not altered by XFD (Figs. 4H and
I). Finally, the expression of Mix.1, which initially over-
aps with Xbra in the marginal zone (Lemaire et al., 1998),
as also found to be independent of FGF signaling (Figs. 4J
nd 4K). It has been proposed that Mix.1 is essential for VBI
nduction (Mead et al., 1996), although this has now been
rawn into question (Lemaire et al., 1998).
Copyright © 2000 by Academic Press. All rightGastrula Stage Expression Patterns of Xbra and
Xnr-2 in Marginal Zone Are Independent of the
Spemann Organizer
The expression domains of Xnr-2 and myoD/Xbra appear
o mark two domains within the marginal zone, the first
iving rise to the leading edge mesoderm and the second to
domain that includes cells competent to form the
omites. These are oriented one above the other in the
arginal zone. Since disruption of FGF signaling alters the
xpression pattern of these genes, we next wanted to
etermine if BMPs or Spemann organizer signaling would
ave similar effects. First, BMP signaling was blocked in the
arginal zone by injecting dnBMP-R RNA into both B4 and
4 blastomeres at the 32-cell stage. We observed that all
nBMP-R-injected embryos (n 5 17) had the same Xbra
nd Xnr-2 expression pattern (Fig. 5A) as uninjected control
mbryos (Fig. 4E). We observed, however, that dnBMP-R
RNA eliminated Xvent-1 expression from the injected re-
gion (Fig. 5B), indicating that the BMP signaling had been
effectively inhibited (Gawantka et al., 1995). In other ex-
periments, we used a dnXTcf-3 to inhibit induction of the
Spemann organizer and, hence, its signaling. dnXTcf-3
injection has been shown to result in embryos with no
obvious notochord, somites, or nervous tissue due to its
disruption in the pathway of Spemann organizer develop-
ment (Molenaar et al., 1996). Injection of dnXTcf-3 at the
4-cell stage into the two blastomeres that contain the
presumptive Spemann organizer eliminated Xnr-3 expres-
ion in all embryos examined (n 5 12) (Figs. 5C and 5D).
nr-3 expression in the Spemann organizer is directly
egulated by the wnt pathway (McKendry et al., 1997). We
bserved that although both Xbra and Xnr-2 expression was
liminated from the injected side, the expression pattern of
hese genes on the uninjected side of the embryo exactly
atched control embryos, indicating that the establish-
ent of the restricted domains is not controlled by the
pemann organizer (Fig. 5E).
Anterior-Restricted Globin Expression in
Ventralized Embryos
A number of treatments, including UV-irradiation of eggs
or BMP-4 overexpression, result in embryos having no
dorsal structures such as notochord and somites (Cooke and
Smith, 1987; Dale et al., 1992; Jones et al., 1992; Kao and
Elinson, 1988; Scharf and Gerhart, 1983). The defects in
these embryos can be traced back to the failure of the
Spemann organizer to develop properly. In normal embryos,
the ventralmost mesoderm involutes around the blastopore
as the leading edge mesoderm and converges ventrally in
the late gastrula (Fig. 6A; Keller, 1991). In ventralized
embryos gastrulation is symmetrical around the blastopore,
and leading edge mesoderm comes to lie under the animal
pole (Fig. 6A; Cooke and Smith, 1987). These embryos have
elevated globin expression (Cooke and Smith, 1987; Dale et
al., 1992), which would appear to conflict with our data.
However, it was shown in UV-treated embryos that the
s of reproduction in any form reserved.
310 Kumano and SmithFIG. 5. dnBMP-R or dnXTcf-3 injection does not alter the early mesoderm patterning along the animal–vegetal axis. (A) Stage 10.5 embryo
which had been injected with 250 pg of dnBMP-R RNA in both B4 and C4 blastomeres at the 32-cell stage. Representative embryo is shown
with double in situ hybridization staining for Xbra (red, arrow) and Xnr-2 (black/purple, arrowhead). Note that the Xbra and Xnr-2
expression pattern is the same as that in control embryos (Fig. 4E). (B) Representative embryo treated the same as in (A) but subjected to
in situ hybridization for Xvent-1. Note that Xvent-1 expression is eliminated from the injected side (arrowhead). (C) Control stage 10.5
embryo showing Xnr-3 expression by in situ hybridization. In (D) and (E) embryos were injected at the 4-cell stage with 500 pg of dnXTcf-3
RNA in the equatorial region of the two blastomeres containing the presumptive Spemann organizer. (D) dnXTcf-3 RNA-injected embryo
at stage 10.5 embryo showing Xnr-3 expression by in situ hybridization. Note that Xnr-3 expression is eliminated, indicating that the wnt
pathway had been inhibited. (E) Representative stage 10.5 dnXTcf-3 RNA-injected embryo subjected to double in situ hybridization for Xbra
(red, white arrow) and Xnr-2 (black/purple, white arrowhead). The normal pattern of expression of these two genes is maintained on the
uninjected side despite the absence of the Spemann organizer. Why Xbra and Xnr2 are interrupted on the injected side is not known.
FIG. 6. globin expression in dnXTcf-3- and BMP-4-injected embryos is restricted to the leading edge mesoderm. (A) Suggested gastrulation
movements of the leading edge mesoderm (yellow band). Normal and ventralized embryos are shown at the end of gastrulation. In normal
embryos the leading edge mesoderm converges ventrally and ends up the ventral midline of the tadpole. Anterior is to the left. In
“ventralized” embryos all sectors of the leading edge mesoderm migrate straight up toward the animal pole and come to lie under the pole.
Animal pole is to the left. Blastopores are shown in black spots at the right of the embryos. (B) Stage 41 “ventralized” embryos produced
by injection of dnXTcf-3 RNA in the presumptive organizer region at the 4 cell stage. The descendents of the C4 blastomeres were marked
by lacZ RNA injection at the 32-cell stage. The location of the C4 descendants is shown by X-gal staining (green), and globin expression
is indicated by black/purple in situ hybridization signal. (C) Stage 41 embryos treated the same as in (B) with the exception that embryos
were injected with BMP-4 RNA in all the cells at the 4-cell stage instead of dnXTcf-3 in the presumptive organizer region. Note that in (B)
and (C) globin expression is restricted to the leading edge mesoderm and that the C4 descendants show a small portion of overlap with the
domain of globin-expressing cells. Blastopores of the embryos in (B) and (C) are shown by “bp.” (D, E) Close-up of section through
globin-expressing region of BMP-4 RNA-injected (D) and dnXTcf-3 RNA-injected (E) embryos. The BMP-4 RNA injection results in globin
expression in the surface cells, unlike in the dnXTcf-3 RNA-injected embryos.
Copyright © 2000 by Academic Press. All rights of reproduction in any form reserved.
me
s
t
l
e
o
c
a
r
s
t
fi
o
i
h
m
g
i
1
i
a
1
r
X
t
F
g
m
p
(
1
i
a
t
h
o
f
s
W
o
v
t
o
a
e
r
d
f
s
e
(
n
m
d
t
T
e
r
311FGF Signaling and D/V Mesoderm Patterningincreased globin was confined to the leading edge meso-
derm (Cooke and Smith, 1987), indicating that not all
mesoderm had trans-fated to ventral tissues such as VBIs. In
order to look at this issue in greater detail, we utilized
BMP-4 and dnXTcf-3 to generate embryos with no organizer
signaling and examined the pattern of globin expression by
in situ hybridization while following C4 lineages by lacZ
injection. In normal embryos, the C4 blastomeres give rise
to posterior dorsal and ventral tissues, including somites
and VBIs (Lane and Smith, 1999). In dnXTcf-3- or BMP4-
injected embryos, globin expression is restricted in the
leading edge mesoderm with only a small portion of C4
descendants overlapped with the globin-expressing region
(Figs. 6B and 6C), which is the case in normal embryos
(Kumano et al., 1999). Although the bottom embryo in Fig.
6C appears to have a small dorsal ridge, globin expression is
still restricted to the leading edge mesoderm (Fig. 6C).
Thus, despite these embryos having little or no Spemann
organizer (dnXTcf-3-injected embryo, Fig. 6B) or elevated
levels of BMP-4 (Fig 6C), the territory of the VBIs appeared
not to expand into the animal regions of the C4 derivatives.
In fact, Northern blots showed no elevation of globin
expression in dnXTcf-3-injected embryos (data not shown).
Part of the increased globin expression in BMP-4-injected
embryos may be due, not to the conversion of dorsal
mesoderm to ventral mesoderm, but rather to the conver-
sion of animal cap cells (ectoderm) into globin-expressing
cells (Figs. 6D and 6E).
DISCUSSION
The three-signal model (Dale and Slack, 1987) attempts
to explain how the proper dorsal-to-ventral array of meso-
derm derivatives is specified (Dale and Jones, 1999; Harland
and Gerhart, 1997; Heasman, 1997). In this model, the first
two signals are thought to specify ventral-type mesoderm
and the Spemann organizer. The third signal originates
from the Spemann organizer itself. It has become widely
accepted that the Spemann organizer specifies mesodermal
fates by contributing to a gradient of BMP activity through
its production of BMP-inhibitory molecules such as noggin
and chordin (Harland and Gerhart, 1997; Jones and Smith,
1999). Numerous reports show that BMP signaling is essen-
tial for the proper patterning of the marginal zone at the late
blastula and early gastrula stages (Dale and Jones, 1999;
Harland and Gerhart, 1997; Heasman, 1997), and numerous
genes show restricted patterns of expression in the marginal
zone and appear to define distinct territories (see recent
review: Dale and Jones, 1999). For example, goosecoid,
noggin, and chordin are expressed exclusively in the Spe-
ann organizer (Cho et al., 1991; Sasai et al., 1994; Smith
and Harland, 1992), while the genes Xvent-2 and Xwnt-8 are
xpressed throughout the marginal zone, with the exclu-
ion of the Spemann organizer (Ladher et al., 1996; Onich-
chouk et al., 1996; Schmidt et al., 1996; Smith and Har-
and, 1991). Other genes, such as Xvent-1 and sizzled, are l
Copyright © 2000 by Academic Press. All rightxpressed in more restricted domains opposite the Spemann
rganizer (Gawantka et al., 1995; Salic et al., 1997). Signifi-
antly, the expression of these genes is disrupted by alter-
tions of Spemann organizer signaling.
Revisions to the Xenopus fate map require that we
econsider the role of the Spemann organizer in mesoderm
pecification. In particular, previous studies characterizing
he activity of the Spemann organizer in mesoderm speci-
cation have relied upon older fate maps for interpretation
f results (see recent review: Dale and Jones, 1999). Accord-
ngly, molecules such as Xwnt-8, Xvent-1, and Xvent-2
ave been used as markers of ventral mesoderm. Experi-
ental manipulations that expand expression of these
enes by decreasing Spemann organizer signaling have been
nterpreted as an indication of ventralization (Dosch et al.,
997), while decreased expression of these genes upon
ncreasing Spemann organizer activity has been interpreted
s resulting from the dorsalizing activity (Lettice and Slack,
993; Sasai et al., 1994; Smith et al., 1993). However,
eexamination of the activity and expression of Xvent-1,
vent-2, and Xwnt-8 in the gastrula embryo raises ques-
ions about these interpretations (Kumano et al., 1999).
irst, the normal expression domain of these genes in the
astrula embryo is not restricted to presumptive ventral
esoderm. Rather, they are expressed in the presumptive
osterior mesoderm, which give rise to both dorsal
somites) and ventral (the VBIs) mesoderm (Lane and Smith,
999). Second, overexpression of these genes by mRNA
njection does not significantly alter the amount of muscle
ctin nor increase that of globin mRNA expression in
ail-bud stage embryos (Kumano et al., 1999). These results
ave raised questions about the proposed role of Spemann
rganizer in specification of the territories competent to
orm somites or the VBIs.
In this study we have examined predictions of the three-
ignal and BMP-gradient models of mesoderm patterning.
e have chosen to focus our attention on the development
f the VBIs and somites because they represent the extreme
entral (the VBIs) and dorsal (somites) mesoderm deriva-
ives that are proposed to be patterned under the influence
f the Spemann organizer (Dale and Jones, 1999; Harland
nd Gerhart, 1997; Heasman, 1997). Specifically, we have
xamined whether the activity of the Spemann organizer
estricts the specification of the VBIs to the ventral meso-
erm as predicted by the models. We have found that the
ate of mesoderm in the absence of Spemann organizer
ignaling is not homogeneous and that a distinct globin-
xpressing domain persists in the ventralmost mesoderm
this study; Kumano et al., 1999). Mapping of morphoge-
etic movements in Xenopus have shown that the ventral-
ost mesoderm originates from the leading edge meso-
erm, which is located around the forming blastopore lip as
he most vegetal part of the marginal zone (Keller, 1991).
he expression of globin in explanted marginal zones and in
mbryos ventralized by dnXTcf-3 or BMP-4 RNA injections
emains restricted to the leading edge mesoderm. Thus, at
east a rudimentary pattern exists that is independent of the
s of reproduction in any form reserved.
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312 Kumano and SmithSpemann organizer which results in the formation of a
distinct globin-expressing domain in the ventral mesoderm.
Results presented here suggest that FGF signaling is a key
part of the Spemann organizer-independent mesoderm pat-
terning activity. We observed that inhibition of FGF signal-
ing with XFD yields an expansion of leading edge mesoderm
markers at both gastrulation (Xnr-2) and tadpole stage
(globin), with a corresponding reduction in the markers
myoD and Xbra at gastrulation and in somite formation at
adpole stages. However, it should be made clear that
xpression domains of Xnr-2 and Xbra/myoD most cer-
ainly contain other mesoderm derivatives, such as noto-
hord, head mesoderm, and mostly lateral plate mesoderm,
n addition to the VBIs and somites. While the source and
olecular identity of the FGF being inhibited by XFD is not
nown, it has been shown that maternal FGF and FGF
eceptors are concentrated toward the animal pole, leading
o the suggestion that FGF signaling is excluded from the
egetal cells (Cornell et al., 1995; Song and Slack, 1994).
dditionally, zygotic expression of XeFGF at stage 10.5 is
ery similar to that of Xbra. XeFGF is expressed in the
astrula radially around the marginal zone, with a pro-
ounced gap between the vegetal limit of expression and
he blastopore lip (Isaacs et al., 1992). At the late gastrula
nd early neurula stages, the expression of XeFGF as well as
ther FGF members, FGF-3 and FGF-8, is in the posterior
egion of embryos, where they have been shown to have
osteriorizing activity (Christen and Slack, 1997; Isaacs et
l., 1992, 1994; Lombardo et al., 1998; Tannahill et al.,
992). This posteriorizing activity appears to be distinct
rom the animal–vegetal axis patterning activity reported
ere.
We have shown here that alterations in the expression
atterns of Xnr2 and Xbra at gastrulation along the animal–
egetal axis by XFD correlate with an expansion of compe-
ence to form the VBIs, and corresponding loss of compe-
ence to form somites, at tail-bud stages. On the other hand,
lterations in the expression of Xvent-1, Xvent-2, and
wnt-8 along the perpendicular axis (traditionally called
he “dorsoventral” axis, but we suggest it is an anteropos-
erior axis), either by injection of mRNA or by manipula-
ion of Spemann organizer signaling, resulted not in
hanges to the relative amounts of VBI or somite at tail-bud
tage, but rather in alteration to genes expressed along the
nterioposterior axis (this study; Kumano et al., 1999).
hese results are consistent with the fate map that depicts
he presumptive VBIs originating at the vegetal limit of the
arginal zone and the somites arising from more animal
ortions of the marginal zone (Lane and Smith, 1999). The
evised fate map also depicts anterior somites and VBIs
riginating from mesoderm close to the Spemann organizer
nd posterior VBIs and somites originating opposite the
pemann organizer, in the region traditionally called the
ventral marginal zone” (Lane and Smith, 1999). These
esults cast serious doubt on the BMP-gradient model of
orsoventral mesoderm patterning, at least as far as con-
erns the specification of competence to form the VBIs and
Copyright © 2000 by Academic Press. All rightomites. Recent observations on the development of an
ntermediate mesodermal type, the pronephros, also argue
gainst the BMP gradient/three-signal model (Brennan et
l., 1998; Seufert et al., 1999). Induction of the pronephroi
ppears to be the result not of early Spemann organizer-
erived induction, but rather of a later interaction between
ateral mesoderm and anterior somites (Brennan et al.,
998; Seufert et al., 1999). A complete model for mesoderm
atterning will have to account for other mesoderm deriva-
ives, such as lateral plate mesoderm, for which there is
ittle known due to lack of good molecular markers, head
esoderm which appears to require the dual BMP- and
nt-inhibiting activities of the Spemann organizer (Glinka
t al., 1997), and notochord which can be induced by
oexpression of Xbra together with noggin (O’Reilly et al.,
995). While our data indicate that FGF signaling, rather
han Spemann organizer signaling, may be key to the
pecification of the cell competence for forming the VBIs
nd somites, the fact remains that the Spemann organizer is
source of inductive activity that plays an important role in
attering of the three primary germ layers. BMP antagonists
rom the Spemann organizer appear to play a role in
nducing somites from competent mesoderm (this study),
nd BMPs from the ectoderm seem to be essential for VBI
evelopment at late gastrulation (Kumano et al., 1999).
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